Renal changes with time have been studied in 14 workers engaged in the production of cadmium (Cd) in a zinc ore refinery. These workers were examined once a year in the period 1980 to 1985 and 13 of them also in 1989. Four of the workers (group A) had been employed in an old Cd plant before 1973 and had received higher exposures to Cd than the other workers (group B). Average urinary Cd concentrations over the whole study period in workers of group A ranged from 6-9 to 9-2 uglg creatinine (median 8-4 jug/g) and in workers of group B from 064 to 7-1 ,ug/g creatinine (median 19 .uglg). Renal effects were assessed by the determination of urinary N-acetyl-pI-Dglucosaminidase (NAG), fh-microglobulin (fl2-M), retinol binding protein, albumin, total protein, and serum creatinine concentrations and activity. Urinary f8-M concentrations in three of four workers of group A were close to or marginally above the upper normal limit during the study period. The /h-microglobinuria was not, however, progressive. No values outside normal limits were detected for any of the other renal tests in workers of groups A and B, related to exposure to Cd. Doseresponse relations showed that urinary Cd correlated significantly with urinary NAG activity and total protein and 8h-M. The earliest change induced by Cd was seen for urinary NAG activity within normal limits of NAG excretion. The regression lines were similar in the surveys between 1981 and 1989, indicative 
of no progression to higher values for any of the renal tests. The current biological exposure index (BEI) of 10 Pg/g creatinine for workers exposed to Cd, set by the American Conference of Governmental Industrial Hygienists (ACGIH), therefore seems justified, although the safety margin is small. The World Health Organisation recommended limit and ACGIH (1992-3) proposed limit of 5 uglg creatinine would provide a much larger safety margin, and could be regarded as an action point for increased health surveillance. first tests may be used to detect impairment of proximal tubular function whereas the assay of urinary albumin is used to study the integrity of the glomerulus. Recent investigations have also shown that exposure to Cd may produce increased amounts of urinary enzymes such as N-acetyl-f,-Dglucosaminidase (NAG), a lysosomal enzyme used for the assessment of proximal tubular injury. [5] [6] [7] The irreversibility of Cd proteinuria has been shown in several studies on workers with previous high exposure to Cd.2 38'10 Also a progressive reduction of the glomerular filtration rate was found despite removal from exposure.'0 In these studies average urinary Cd concentrations (a reflection of Cd body burden) were above 10 ,ug/g creatinine, the value which is currently considered as the tentative biological exposure limit below which no proteinuria induced by Cd develops." 12 The validity of this limit should preferably be verified in longitudinal studies on workers with urinary Cd concentrations below 10 ug/g creatinine. Few studies have been published on the possible long term renal effects of low exposure to Cd. In cross sectional studies no abnormalities were reported in renal parameters of workers with average urinary Cd Siuert, Ribbens, Huisman, Lugtenburg concentrations below 5 ug/g creatinine. 5 ' In two recent studies, however, a clear correlation was found between urinary Cd concentrations below 10 ,ug/g creatinine and urinary NAG excretion. '4 15 The study reported here is a nine year follow up of a previously reported study on Cd workers in a zinc ore refinery, who at the beginning of the study, had urinary Cd concentrations ranging from 0-4 to 9-6 ug/g creatinine. At that time, in two of 15 workers urinary f,-M excretions were close to or marginally above the upper normal limit.'3 The aim of this follow up study was to investigate whether any renal changes with time occurred in these workers.
Methods

FACTORY AND EXPOSURES
Our study was conducted in a zinc ore refinery in the southern part of The Netherlands. Until 1973 high temperature furnaces were used for the recovery of Zn 9 The average precision of the test was 5%. Urinary protein was measured by precipitation of proteins with a mixture of phosphotungstic acid, hydrochloric acid, and ethanol and determination of the amount of protein with the biuret method.20 The average precision of the test was 8%. Urinary albumin was determined in the survey of 1985 with an electroimmunoassay. The precision of this method was 2-5%.21 A latex immunoassay was used for the determinations of urinary albumin and of urinary retinol binding protein in the survey of 1989.2223 The precision of these assays was between 4% and 10%. Serum and urinary creatinine concentrations were determined on a Hitachi 705 autoanalyser by the standard Jaffe method. The average precision of these assays was 3%.
REFERENCE GROUPS
Several control groups were used to establish reference values for the parameters measured. These comprised male employees of the Shell refinery in Rotterdam not exposed to known nephrotoxic agents. For each parameter the same methods were used as for the groups exposed to Cd. Table 2 shows the reference values. Values of a parameter Cd in blood A 3 7 4 (7 1-10 0)* 4 7-5 (6-8-9-1) 4 9 0 (7-1-9-2) 4 7-6 (7 1-8 0)
(ag/l) B 9 4-7 (0-9-11-6) 9 4-8 (0-7-10-7) 11 2 9 (1 0-8 8) 11 2-6 (0-9-8 1) above the 97-5 percentile were considered abnormal. Th'e table also shows the influence of age and of cigarette smoking on the tests.
STATISTICS
The Wilcoxon or Mann-Whimey test was used to compare the results for the groups exposed to Cd and the controls. A paired t test was used to compare the results of the first and the last survey. The prevalences of abnormal test results from groups A, B, C, and D and in the controls were analysed by a standard one tailed binomial test with a null probability of 0-025.
Time trends in individual persons over the period 1980 to 1989 were analysed with the Spearman rank test24 if four or more observations were available. On a group basis individual results were pooled, with a binomial test with a null-probability of 0 05. Time trends of urinary albumin and serum creatinine on a group basis were investigated with a binomial test (null-probability 0 50). Associations between urinary Cd concentrations and renal parameters were tested by Spearman rank correlation analyses. In all tests, p values below 0-05 were considered to be statistically significant. A nine year follow up study of renal effects in workers exposed to cadmium in a zinc ore refinery the period 1980-9 in workers of groups A and B.
On a group basis no trends were found for serum creatinine concentrations in workers of groups A and B over the period 1980-9 or for urinary albumin over the period 1985-9.
DOSE-RESPONSE RELATIONS
Dose-response relations were investigated between urinary Cd concentrations, (as a measure of internal dose of Cd) and renal function. Dose-response relations were investigated with the average values of each parameter measured in each worker during the period 1980-9, provided that the parameters did not show a time trend (table 6). In the exposed groups Cd concentrations in blood showed such a trend and were not included in the analyses. Also, dose-response relations were investigated in the combined data of exposed workers and controls in the survey of 1989. The values for urinary total protein and albumin were within normal limits during the follow up period, except for one case of clinical proteinuria in a worker in group B, as discussed previously. No time trends were found, which shows that no increase in glomerular permeability occurred in any worker.
Serum creatinine and serum f2-M concentrations were within normal limits during the first survey (1980), indicative of a normal glomerular filtration rate. Serum creatinine concentration decreased significantly during the follow up period, which was unexpected because serum creatinine concentrations increase with age. Nevertheless, the absence of any abnormal results and of a time trend to higher values shows that there was no Cd induced reduction of glomerular filtration rate over time in any of the workers. In summary, in the present study no signs of Cd induced low or high molecular weight proteinuria or enzymuria were found in subgroup B, comprising nine workers (initially 11) who had been employed on average for 12 years in the Cd plant and who had urinary Cd concentrations ranging from 064-7-1 pg/g creatinine (median 19,ug/g creatinine). In subgroup A, comprising four workers who had worked in the Cd plant on average for 22-3 years and who had urinary Cd concentrations ranging from 6-9-9-2 ,ug/g creatinine (median ,ug/g), there were signs of a slight, non-progressive, fl2-microglobinuria in three or four workers, but high molecular weight proteinuria, enzymuria, or a change in glomerular filtration rate could not be detected.
The findings in our study contrast with the results of follow up studies by other authors. In a retrospective study, Roels et al showed a trend towards increasing serum creatinine and urinary fl,2-M values in 19 workers who were removed from exposure to Cd. The mean urinary Cd concentration in the last year of examination was 16-4 ,ug/g creatinine and urinary f,-M concentrations ranged from 340 to 84 650 pg/g creatinine. 8 In another study, the same group carried out a five year follow up study on 23 workers with previous high exposure to Cd. It (table 6 ). An increase of urinary f,-M excretion was also seen in this subgroup. The averageI82-M value (1980-9) in three of five workers in this subgroqap was slightly above the upper normal limit of urinary fl2-M excretion. The dose-response seemed to be of the hockey stick type, with a rise in urinary f,2-M excretions occurring between 4 and 7 ,ug/g creatinine. This is in accordance with earlier work. 2 Thus increased amounts of urinary NAG, total protein and fl2-M were seen in relation to increased urinary Cd concentrations. Only for urinary fl2-M were changes seen close to or marginally above the upper normal limit. The dose-response relations between urinary Cd and these renal variables were similar during the health assessments between 1980 and 1989, indicating no progression to higher values in any of the renal tests.
From the data in this study a biological limit value of Cd in urine of 10 ,ug/g creatinine for workers exposed to Cd, set by the American Conference of Governmental Industrial Hygienists" and proposed by Bernard and Lauwerys,"2 therefore seems justified although the safety margin seems to be small. The World Health Organisation limit recommended and ACGIH (1992-3) proposed limit of cadmium in a zinc ore refinery. effects in workers exposed to A nine year follow up study of renal 
